Introduction
Tata steel has embarked on a major expansion plan at its Jamshedpur works in India. Under this a new blast furnace and two sinter plant has been commissioned. Sinter production capacity has risen from the level of 3.5 MT in 2004 to 7.5 MT presently. Coke breeze was being used as the only solid fuel in sinter making. However efficient coke making operations as well as augmentation of sinter plant capacities have resulted in shortage of coke breeze. At the Jamshedpur works, high grade hematite ore from captive source is used for sintering. Although it gives a huge advantage in terms of cost, this ore contains high Al 2 O 3 (Ͼ1.5 %). Coupled with this, the coke breeze ash is also very high, viz., 22-25% and it also contributes towards sinter Al 2 O 3 . Over the years Tata Steel has taken number of initiatives 1) to lower the sinter Al 2 O 3 as can be seen from Fig. 1 . One of these initiatives is to use alternative fuels having very low ash levels (Ͻ3 %) in sinter making. Use of alternate fuel started from 2001 2) and the type of fuel and extent of usage is summarised in Table 1 .
It has been reported that alternate fuels in sintering were used in the USSR as early as seventies.
3) Anthracite culm was used as a partial replacement for coke breeze. Similarly, petroleum coke was used as a replacement for coke breeze in sintering at LTV steel. 4) Petroleum coke is a solid by-product of the crude oil refining process. At Kokura works of Sumitomo Metal 5) trial tests with anthracite coal were conducted and it was reported that up to 45 % substitution by anthracite was possible. However, apprehensions were raised on the harmful effects of unburnt volatile matter in waste gases going to the electro static precipitator.
At Tata Steel pot grate experiments were carried out to evaluate the effect of alternative fuels on sinter quality and sintering process. After getting convinced from the results their usage was started in limited quantity in sintering. As shown in Table 1 , alternative fuel usage started in 2001 and anthracite and calcined pet coke (CPC) was used for the first time in sinter making. With the augmentation of sinter production in Jamshedpur works of Tata Steel, there was an acute shortage of coke breeze, the usual solid fuel for sintering. This required the use of alternate fuel for sinter making. Raw Petroleum Coke (RPC) was utilized in all three sinter plants of Tata Steel, Jamshedpur works since November 2005. RPC usage went as high as 50 % of total carbonaceous fuel used for sinter making. A unique advantage of using RPC is its low ash (nearly 1.5 %) compared to that of coke breeze with 22-25 % ash. Thus it was possible to lower Al 2 O 3 in sinter from 2.5 to 2.2 % consistently. RPC is obtained as a byproduct from the petroleum refinery. It is extremely fine in size having Ϫ0.25 mm nearly 60 % and is highly reactive. RPC also contains volatile matter of about 6-7 %, which has implications in suction system. Given the above conditions, it was really a challenge taken by the sinter making team of Tata Steel to adjust the process for using RPC to such a high extent without adversely affecting the quality productivity and equipment health. At some point of time deterioration in sinter quality, particularly in terms of RDI and certain loss in availability and productivity was observed. This paper is to share the experience of Tata Steel in using RPC for sinter making.
Use of Raw Petroleum Coke in Sinter Plants
KEY WORDS: raw petroleum coke; ash; RDI; quality; sinter making; Al 2 O 3 . Table 1 . Usage of various types of alternative fuel in sinter making. Raw petroleum coke (RPC) was introduced first time in 2005 and was used as a small proportion of the total solid fuel. However, for a brief period due to the acute shortage of coke breeze the proportion of RPC has gone up to as high as 50 %. The challenges faced at these high levels of alternate fuel in terms of low productivity and quality of sinter and process control measures taken up to mitigate these effects are discussed below.
Experimental
Before using RPC for sintering, the following aspects were studied in detail:
Effect of Sulphur
Total sulphur in anthracite coal is approximately 0.6 % (ash 10 %), whereas in RPC it is 2 % which is present in an ash content of 1.5 %. There was an apprehension that this sulphur may be of organic type, which is likely to be released with waste gas in the form of SO 2 . Conversion of SO 2 to SO 3 and then to H 2 SO 4 is possible in the waste gas main if moisture content is greater than 8 % and gas temperature Ͻ175°C. The average moisture level in Tata Steel sinter plants vary between 6-7 %. However, the amount of moisture in the first 6-8 wind-boxes goes to as high as 15-16 %. The average waste gas temperature at Sinter Plant is 120-130°C. But the concentration of SO 2 in the first few wind boxes is not high enough to form H 2 SO 4 . Laboratory tests with RPC have indicated that SO 2 gets released during the combustion of RPC i.e. above 900°C. Such high temperatures exist in the last few wind boxes when flame front nearly reaches the bottom. But moisture content in these wind boxes is significantly low. Therefore, the conditions of formation of H 2 SO 4 are not favourable in the whole system.
Effect of Calorific Value
As can be seen from Table 2 that RPC has one of the highest calorific values among all alternative fuels. Moreover, since it is a by-product of petroleum refinery, it is expected to be highly reactive. RPC in sinter bed will tend to release a very high amount of energy within a short period of time. It means that the peak temperature at the flame front would be high.
Effect of Size
The amount of -0.25 mm fraction in RPC is extremely high (Ͼ60 %), compared to anthracite (20-30 %), calcined pet coke (9-10 %) or crushed coke breeze (15-25 %) at Tata Steel. No fuel of such high fineness was ever used in Tata Steel sinter plants. The combustibility of RPC was expected to be very high compared to other alternate fuels used in the past. Therefore, the behaviour of the flame front and heat front was expected to be quite different when used in high proportion.
Voice et al. 6) studied the effect of oxygen potential and reactivity of fuel and its impact on the temperature profile during sintering. The concept of 'matching' and 'mismatching' of heat and flame fronts was thus developed. Loo 7) has proposed an alternative approach for heat and flame front. According to him a flame front can be viewed as having a leading edge, at which coke or fuel combustion initiates, and a trailing edge, where all the coke particles are fully consumed. When highly reactive fuel is used or when the oxygen partial pressure is increased, the spontaneous combustion temperature of fuel decreases. Then the leading edge of the front is extended and the temperature profile broadens.
Accordingly, it is expected that use of higher proportion of RPC, would broaden the flame front. Thus use of high proportion of RPC is expected to have effect on sinter productivity and quality. Pot grate experiments were conducted with different proportions of RPC in fuel mix and its impact on quality and process was studied.
Pot Grate Tests
Experiments were carried out by replacing the 20 % and 40 % of coke breeze with RPC in the fuel mix and one with 100 % coke breeze as the reference case. The coke breeze was partly replaced by raw pet coke in the ratio CB : RPC :: 1.37 : 1 such that the overall calorific value of input fuel remained the same. The physico-chemical characteristics of raw pet coke vis-à-vis coke breeze used in experiments is compared in Table 3 . It may be noted that RPC has not only low ash and high fixed carbon contents but also higher calorific value and significantly higher sulphur and fines content. The percentage -0.25 mm fraction in RPC was as high as 64 % in comparison to 20.7 % in coke breeze.
All the experiments were conducted at a suction of 1 300 mm WG, bed height of 600 mm and ignition temperature of 1 100°C. During the tests, thermocouples were inserted in the bed at the depth of 200 mm and 400 mm from the top surface to measure the temperature profiles at two different locations, as is schematically shown in Fig. 2 . Figures 3 and 4 shows the temperature profiles at 200 mm and 400 mm from top of the sinter bed respectively. It is observed that the temperatures are higher in case of RPC usage at both 200 mm and 400 mm levels in the bed. The movement of flame front (indicated by the point of rapid rise in temperature with respect to time) is nearly the same. However, widening of flame front is more pronounced with higher RPC usage. This may be a result of deteriorating bed permeability as well as owing to amorphous nature of RPC fines causing rapid combustion, which is also expected to affect the strand productivity.
It was observed that use of RPC did not have any significant effect on the strength and size of sinter. However, productivity deteriorated by nearly 7 % when 40 % RPC was used in the fuel mix (Fig. 5) . The loss in productivity may also be explained from the fact that some quantity of the ultra-fine RPC can get entrapped deep inside a quasi particle. It will be very difficult for this fraction of RPC to take part in combustion or at best it will undergo partial combustion producing CO. Effect on waste gas was also analysed. When 40 % RPC was used as fuel, marked increase in CO (Fig 6) in waste gas could be observed.
Although raw pet coke had high sulphur content of about 3.56 % as against about 0.6 % in coke breeze (Table 3) , no increase in sulphur content of sinter was reported in the pot test-it was 0.028 % sulphur using 40 % RPC compared to 0.026 % sulphur when no RPC was used in fuel mix. This was attributed to the presence of sulphur in RPC in the organic form which is easily combusted to SO x by surplus oxygen present in the gases. Similar observation has been reported by LTV Steel Company, Indiana Harbour Works, East Chicago, USA. 4) It was concluded from the pot grate tests that use of RPC upto 20 % did not have any adverse impact on productivity and sinter quality. But when used at 40 % or above, RPC resulted in decrease in productivity by 7 %. However, sinter quality like mean size, tumbler index, etc. shown no significant change. Amount of CO in waste gas also increased with higher proportion of RPC.
Results and Discussion of Plant Trials
Plant trial of using RPC started in Nov-05 which continued for 5 months. Before describing the results of plant trial, the plant set-up and major design features of SP2 are shown in Table 4 .
Result of trial period is shown in Fig. 7 . During the trial, RPC replaced anthracite by equal amount (nearly 20 kg/t). The cold strength, RDI and granulometry of sinter were in the acceptable range. After successful trial, RPC started getting used as an alternate fuel since Jun-06. RPC replaces coke breeze, which contain 22-25 % ash on an average. Coke ash contains nearly 14-16 % SiO 2 and 5-8 % Al 2 O 3 . If 100% coke breeze is used in sinter making, the contribution of Al 2 O 3 due to coke ash works out to be nearly 0.45 %. On the other hand, the ash content of RPC is only 1.5%. Therefore, the contribution of Al 2 O 3 from RPC is negligible. Thus higher percentage use of RPC, gives a definite advantage in reduction of sinter Al 2 O 3 , which is 2.5 % in case of Tata Steel. Figure 8 shows the usage of RPC at Tata steel over the years. Initially, 20 % coke breeze was replaced, but during 2007, RPC proportion was increased considerably to as high as 55 % on monthly basis during July-Aug'07. As can be seen in Fig. 9 , with the increase in proportion of RPC in fuel mix the Al 2 O 3 in sinter decreased. RPC had no impact on tumbler index and cumulative ϩ10 mm but, marginal drop in productivity could be observed as seen from Fig. 10 . However, with an increasing proportion of RPC percentage in fuel, sinter RDI deteriorated, Fig. 11 . The adverse effect on RDI was a hindrance to the ever increasing proportion of RPC usage. The undesirable effects were also evident on equipment life. The life of sinter breaker and knife bar at the discharge station has shown signs of early failure. The mean time between failures of knife bar was reduced from 60 d earlier to merely 45 d, calling for increased maintenance time and cost. The heat input in sintering was increased to control the RDI, which proved detrimental to the life of downstream equipments at sinter plant.
As predicted by the flame front model, 7) a very broad band of red zone was visible at the discharge end of sinter machine. This was attributed to the presence of high proportion of RPC in the fuel mix. To counter this effect of widening flame front, following actions were taken. 1) Increased the charge density of green mix by suitably adjusting the charging devices. This was an action to reduce the rate of convective heat transfer to slow down the movement of flame front. 2) Reduced lime trimming from a level of 22 to 15 kg/t. 3) Increased moisture of green mix by 0.5 %, to reduce the flame front speed. The effect of the above actions reduced the tendency of broadening flame front and sinter quality including RDI was improved. Other actions taken at sinter plant are shown in Table 5 . RDI was brought back to its normal level by taking the above actions (Fig. 12) . Currently 30 % RPC is being used without any adverse effect on sinter quality.
Conclusions
(1) With high calorific value, low ash and VM upto 6 %, RPC is a viable alternative fuel for sinter making.
(2) Reduction in sinter Al 2 O 3 by 0.2 % was observed with the usage of RPC.
(3) No adverse impact was observed on sinter properties with up to 30 % RPC in fuel.
(4) Usage of RPC beyond 30 % has detrimental effect on sinter RDI. Down stream equipments have also shown increased frequency of failures.
(5) With higher usage of RPC in fuel (Ͼ40 %) broadening of flame front was observed. However a control mechanism was evolved and successfully applied at Tata Steel sinter plant to minimize its effect.
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